VEPTR was applied to young children with thoracic insufficiency syndromes related to congenital spine and rib anomalies. The favorable control of complex spinal deformities stimulated surgeons to expand the VEPTR's indications to EOS of idiopathic, neuromuscular, and syndromic etiologies. 2, 10, 11, 15, 22 However, it is known that the major difference between VEPTR and GRI is that VEPTR selects ribs as proximal anchor sites, while GRI has anchors only at the spine either proximally or distally. Thus, although VEPTR and GRI encourage spinal growth via regular lengthening, they can create different results because of different fixation characteristics and mechanisms in correcting scoliosis.
To date, previous studies comparing the VEPTR and GRI have focused on coronal plane deformity, spinal height, and the space available for the lungs. 7, 14, 17, 23 Apart from a higher prevalence of complications reported with the use of VEPTR, there are solid data supporting satisfactory correction with the VEPTR and GRI in the coronal plane. To the best of our knowledge, however, there is a paucity of comparisons between the VEPTR and GRI as regards the evolution of the sagittal spinal profile in EOS. Thus, in this study, we aimed to compare the effects of VEPTR and GRI constructs on the sagittal profile of the EOS population and to demonstrate the complications related to changes in sagittal alignment during the lengthening period.
Methods
After obtaining approval from our institutional review board, we performed a retrospective review of a single database of patients with EOS. The patients in the VEPTR group were included in the study if they met the following criteria: 1) age of 10 years or younger at the time of the index VEPTR surgery, 2) main thoracic curve scoliosis; 3) at least 2 lengthening procedures, and 4) a follow-up duration of more than 2 years. Exclusion criteria were 1) a prior history of spine surgery, and 2) a distal anchor at the sacrum or pelvis. The GRI patients selected from our database were well matched to the VEPTR group in terms of sex, etiology, age at the index surgery (± 10 months), preoperative thoracic kyphosis (TK; ± 20°), duration of follow-up, lengthening procedure numbers and interval, number of rib-to-spine or spine-to-spine rods (single vs dual), and location of proximal and distal spinal foundations.
At the index surgery, VEPTR and GRI implants were placed with small separate incisions, and only cephalad and caudal anchors sites were exposed subperiosteally. The vertebral segments between anchors were not dissected in order to prevent autofusion. The rods were tunneled in a submuscular manner to reduce soft tissue complications and wound infections.
The major coronal Cobb angle, T1-S1 spinal height, T2-T12 TK, L1-S1 lumbar lordosis (LL), proximal junctional angle (PJA), pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS), and sagittal vertical axis (SVA) were measured on standing full-spine radiographs before and after the index surgery and at the latest follow-up. The PJA was defined as the angle between the caudal endplate of the upper instrumentation vertebra (UIV) or the vertebra parallel to the upper instrumented rib and the cephalad endplate of the second suprajacent vertebra above the UIV or the vertebra parallel to the upper instrumented rib. Proximal junctional kyphosis (PJK) was diagnosed using 2 criteria: 9 1) PJA ≥ 10° and 2) PJA at least 10° greater than the preoperative measurement. The presence of both criteria was necessary to be considered PJK. For patients with definitive fusion, the latest follow-up referred to the time point prior to the definitive fusion.
Inpatient and outpatient records and operative notes were reviewed retrospectively for complications in each group. Implant-related complications included rib cradle migration with or without rib fracture, rod fracture, and dislodgment of pedicle screw, hook, or rod. Alignmentrelated complications consisted of PJK and sagittal imbalance. Visceral, neurological, or vascular injury and superficial or deep infection were classified as general complications.
Statistical analyses were performed using SPSS version 20.0 software (IBM Corp.). Comparisons between variables of interest were made using the independent samples t-test. Chi-square tests were performed to compare the distribution of etiology, proximal spinal foundation, or distal spinal foundation between the VEPTR and GRI groups. Significance was defined as p < 0.05.
Results

Demographic Data
A total of 12 VEPTR patients met the inclusion criteria, 11 of whom had complete data available for analysis. There were 8 boys and 3 girls in the VEPTR group, while there were 16 boys and 6 girls in the GRI group. The etiologies, age at index surgery, duration of followup, number of lengthening procedures, and intervals were similar between these 2 groups (Table 1 ). In the VEPTR group, 7 patients had dual rib-to-spine rods, while 4 had a single rib-to-spine rod, accompanied by unilateral rib-torib constructs in 2 of the 4. In the GRI group, there were 7 patients with a single rod and 15 patients with dual rods. Proximal foundation levels for the VEPTR patients ranged from the second rib to the fifth rib and from T-2 to T-5 for GRI patients. Distal foundation levels ranged from L-2 to L-4 for both groups. Four VEPTR and 2 GRI patients who reached skeletal maturity had undergone removals of the growth-friendly instrumentations and definitive fusion.
Major Coronal Cobb Angle and T1-S1 Spinal Height
The magnitudes of the major coronal Cobb angle were similar between the 2 groups before and after the index surgery and at the latest follow-up (Table 2) . Annual T1-S1 growth was 0.85 ± 0.17 cm/year for the VEPTR group and 0.97 ± 0.19 cm/year for the GRI group (p = 0.087) during the lengthening period.
Evolution of the Sagittal Profile
There was no statistical difference in preoperative TK between the VEPTR and GRI groups (52° ± 11° vs 56° ± 13°, p = 0.389; Table 2 ). In the VEPTR group, TK notably decreased after the index surgery but significantly increased over time with subsequent distractions (Fig. 1 ).
The overall increase in TK from pre-index surgery to the latest follow-up was 24° ± 10°. Compared with the GRI group, the VEPTR group had a lower correction rate of TK (23% ± 12% vs 44% ± 16%, p < 0.001) after the index surgery and experienced a greater loss of TK correction (46% ± 18% vs 11% ± 8%, p < 0.001) during the lengthening period.
Lumbar lordosis was similar between the 2 groups preoperatively, postoperatively, and at the latest follow-up. In both groups, LL significantly decreased after the index surgery and then returned to the pre-index surgery level at the latest follow-up. Compared with preoperative values, PJA in both groups significantly increased during the lengthening procedures (Figs. 1 and 2) ; however, the increasing amount of PJA was not significantly different between the 2 groups (VEPTR: 7° ± 4° vs GRI: 8° ± 5°, p = 0.569).
In both groups, the mean change in PI was not statistically significant (p > 0.05). Similarly, the mean SS and PT did not show any significant change during the lengthening period (p > 0.05). As shown in Table 2 , significant improvement was observed in the SVA, which indicated a tendency toward a neutral position in both groups. Table 3 shows a higher complication rate for the VEPTR group than for the GRI group (72.7% vs 54.5%). In the VEPTR group, 6 unplanned revision surgeries were required for 6 implant-related complications, including 4 rib cradle migrations and 2 pedicle screw pullouts. In the GRI group, 9 unplanned revision surgeries were performed for 9 implant-related complications consisting of 4 rod fractures, 3 pedicle screw pullouts, and 2 rod dislodgements. Proximal junctional kyphosis, as a major alignment-related complication, was more frequent in the GRI group than in the VEPTR group (22.7% vs 18.2%). Two pleura ruptures occurred intraoperatively in the VEPTR group and were managed at the end of the procedure. Two superficial infections were observed in each of the VEPTR and GRI groups, and all were controlled with antibiotics and regular dressing. One VEPTR patient underwent implant removal as a result of deep infection 9 months after the fourth lengthening procedure. One GRI patient with deep infection had 2 debridement procedures, and then the wound healed. No death, neurological deficit, pneumonia, or other complications occurred.
Complications
Discussion
The current study revealed similar correction in the coronal plane but different evolutions in the sagittal plane between the VEPTR and GRI groups. In the VEPTR group, TK demonstrated a significant decrease after the index surgery but a significant correction loss at the latest follow-up. On the contrary, TK in the GRI group demonstrated a significant decrease after the index surgery and remained steady until the latest follow-up. Boseker et al. 4 defined the normal value of T2-12 TK as a range of 20°-50° in healthy children. In our study, the T2-12 TK at the latest follow-up in the VEPTR and GR groups was 64° ± 17° and 38° ± 16°, respectively. Therefore, based on the reference value, the value of T2-12 TK in the VEPTR group is revealed as hyperkyphosis. Reinker et al. 16 reviewed 14 patients who had undergone VEPTR treatment for early-onset kyphoscoliosis. Eleven patients (78%) had progression of T2-12 TK, with an average increase of 23°. These results demonstrate that repeated distraction forces associated with rib anchors in the VEPTR construct may be more kyphogenic, which could pose a risk of kyphosis gain with the VEPTR during the lengthening period. In previous studies, 3, 6, 18, 19 it was revealed that GRI can effectively correct hyperkyphotic EOS, with the sagittal profile successfully restored to a normal range. The change in sagittal plane alignment reveals that GRI has a strong tendency to decrease TK in patients with a preoperative hyperkyphotic sagittal modifier. Thus, for hyperkyphotic EOS patients, GRI is preferable to VEPTR.
In the VEPTR group, LL demonstrated a decrease after the index surgery and returned to the preoperative level at the latest follow-up. In the GRI group, LL had a consistent slight decrease post-index surgery and during the followup. However, the angle difference in the VEPTR group between pre-index surgery and the latest follow-up was similar to that in the GRI group (-3° ± 7° vs 2° ± 8°, p = 0.088). A simultaneous reciprocal change of LL in the VEPTR group responded to the increase of TK during the lengthening period.
The change in PJA between the pre-index surgery and the latest follow-up was 7° ± 4° in the VEPTR group and 8° ± 5° in the GRI group (p = 0.569). Although it was not statistically significant, the incidence of PJK was slightly lower in the VEPTR group than in the GRI group (18.2% vs 22.7%, respectively). In the study by El-Hawary et al., 8 the incidence of PJK in VEPTR patients was also relatively lower than that in GRI patients (17% vs 25% at immediate follow-up, and 25% vs 31% at final follow-up). The above results demonstrate a tendency to a higher incidence of PJK in the GRI group. Although the influence of proximal spinal anchors in the GRI construct on the development of junctional kyphosis remains to be studied, stronger spinal purchase via pedicle screws or hooks may provide more stress concentration on the proximal junction of the spine. Conversely, the VEPTR cradles provide less sagittal control but offer a smooth transition to uninstrumented levels.
Sagittal spinopelvic balance has been documented in healthy children and adolescents. Mac-Thiong et al. 13 reported that a small increase in PI is observed as age progresses and that this increase is correlated with the increase in PT and that SS is relatively stable. Konieczny et al. 12 compared a cohort of VEPTR patients with healthy controls and demonstrated no changes in PI, PT, and SS between the 2 groups during growth. In the current study, absolute increases in PI from preoperatively to the latest follow-up were 4° ± 6° and 3° ± 5° over a period of several lengthening procedures in the VEPTR and GRI groups, respectively, but these increases were not statistically significant. In addition, we also observed that the values for SS and PT were relatively stable during the treatment with the VEPTR or the GRI technique.
Several authors have described the effect of the GRI technique on sagittal balance. Sponseller et al. 21 noted that sagittal balance was improved from 5.2 to 3.5 cm in 36 GRI patients. Akbarnia et al.
1 studied a series of 23 patients treated with the dual-GRI technique and found that SVA was corrected from 3.72 to 2.33 cm after initial lengthening and to 3.92 cm at the latest follow-up. In our study, there were similar results between the VEPTR and GRI groups in the restoration of sagittal balance, with a tendency toward a neutral position.
In terms of complications, we found a higher complication rate in the VEPTR group than in the GRI group (72.7% vs 54.5%). Most of the complications for both groups were implant related and needed revision surgeries. Anchor dislodgement and rod breakage were the most common implant-related complications in the GRI group. Instead, rib cradle migration with or without rib fracture occurred most frequently in the VEPTR group. Deep infection was noted in both groups. The patient in the VEPTR group with a deep infection underwent removal of the implants as a result of a stubborn infection at the rib cradle site. We rationalized that if the soft tissue coverage at the rib cradle site was not good enough, the wound would not easily heal when the rib cradle repeatedly rubbed against the soft tissue.
Our study has several limitations. Its main limitation is its relatively smaller sample size. Another limitation is the inherent drawback of EOS with its complex and heterogeneous pathologies. Moreover, this study lacked a healthy control group with which to compare the VEPTR and GRI patients as regards the changes in sagittal profiles. Ideally, such a longitudinal study would allow adequate selection of healthy subjects for accurate assessment. Unfortunately, such methodology would require serial radiographs in healthy children and thus is almost impossible because of ethical concerns. Despite these limitations, the study has several notable strengths. The average follow-up was over 5 years, and 4 VEPTR and 2 GRI patients underwent definitive fusion. Additionally, all patients in this single-center study were treated by surgeons working ac-
2-year-old boy with idiopathic infantile scoliosis was treated with growing rods. During a follow-up of 5 years 7 months, he had 6 lengthening procedures. A and B: After the index surgery, T2-12 TK was corrected from 54° to 34°, and PJA increased from 7° to 17°. C: After the sixth lengthening procedure, T2-12 TK was 44° and PJA was 19°. Proximal junctional kyphosis was noted. cording to the same surgical decision making, which minimized variations in operative strategies and techniques for patients and thus maximally guaranteed consistency of surgical results.
Conclusions
Similar results in coronal correction and spinal growth were demonstrated in patients treated with VEPTR and GRI. In the sagittal plane, however, the VEPTR was not comparable to the GRI in controlling TK. Thus, for hyperkyphotic EOS patients, GRI is recommended over VEPTR. Moreover, the VEPTR is best indicated for congenital scoliosis associated with chest wall deformity, rather than idiopathic EOS.
